Abstract: Combined Heat and Power (CHP) production using renewable energy sources is gaining importance because of its flexibility and high-energy efficiency. Biomass materials, such as corn stover and forestry residues, are potential sources for renewable energy for CHP production. In Mississippi, approximately 4.0 MT dry tons of woody biomass is available annually for energy production. In this study, we collected and analyzed 10 years of corn stover data (2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010) and three years of forest logging residue data (1995, 1999, and 2002) in each county in Mississippi to determine the potential of these feed stocks for sustainable CHP energy production. We identified six counties, namely Amite, Copiah, Clarke, Wayne, Wilkinson and Rankin, that have forest logging residue feedstocks to sustain a CHP facility with a range of capacity between 8.0 and 9.8 MW. Using corn stover alone, Yazoo and Washington counties can produce 13.4 MW and 13.5 MW of energy, respectively. Considering both feedstocks and based on a conservative amount of 30% available forest logging residue and 33% corn stover, we found that 20 counties have adequate supply for a CHP facility with a capacity of 8.3 MW to 19.6 MW.
Introduction
Combined heat and power is a concurrent process, and generates heat and electricity from the same location where they need to be utilized. CHP can produce heat from any fuel source such as natural gas, biomass, biogas and coal. CHP can be applicable for various types of existing technologies for generating electricity, power, and waste-heat recovery for heating, cooling and thermal applications [1] . The two most common types of CHP systems are gas turbines and steam turbines. In a gas turbine or reciprocating engine system, the CHP system produces electricity by burning fuel and a heat recovery unit is used to capture heat from the gas turbine. In a steam turbine system, the CHP system produces steam by burning a fuel and heating water to produce steam and this is used to generate electricity in a turbine. Steam turbine-based CHP systems typically use solid fuels like coal, biomass and waste products that are readily available to fuel the boiler unit [2] . CHP is an efficient and clean way of producing power and thermal energy. The total CHP system efficiencies for producing electricity and thermal energy range from 60% to 80%, which are higher than the average efficiency of conventional power plants (33%) in the United States. These CHP efficiency gains improve the economics, as well as have other environmental benefits [2] .
Forestry is the biggest source for Mississippi's economy [3] . It covers 18 million acres or 62% of the total land area in Mississippi. In Mississippi, about four million dry tons of woody biomass is available for energy production, distributed into four major types namely, logging residues (70%), small diameter trees (20%), urban wastes (7%), and mill residues (3%) [4] . Logging residues represent a significant feedstock that can be utilized for energy production, and it is less expensive than small diameter trees. In addition to forest residues, Mississippi has other types of biomass feedstock such as corn that can be used for CHP production. According to the National Agricultural Statistics Service [5] corn production in Mississippi increased significantly from 0.9 MT in 2006 to 3.4 MT in 2007. Corn acreages and corn productivity grew dramatically from 1940 to 2010 [5, 6] . According to a Mississippi Agricultural and Forestry Experiment Station report [7] , Mississippi farmers have grown about 280,852 ha of corn and produced 2.3 MT over the last five years. In the past 20 years corn yield doubled and are increasing faster than any other crop grown in Mississippi.
The main objectives of this study were to: (a) assess the use of corn stover and forest logging residues as distributed feedstock sources for combined heat and power facilities in Mississippi; (b) determine the potential capacity of CHP plants that can run with available biomass; and (c) quantify the sustainable amount of feedstock that can support two biomass-based CHP facilities in Mississippi.
Materials and Methods

Study Area
The analysis of available biomass feedstock for CHP application focused on existing CHP facilities or plants in Mississippi. There are 22 CHP facilities in the state of Mississippi that generate a total of 570. [4] [5] [6] [7] [8] [9] [10] . The applications of these units range from dairy facilities with a capacity of 50 kW to oil refineries with a capacity up to 146.9 MW. Eight CHP facilities with lower capacities (<5 MW) are fueled by either wood, wood waste or other biomass sources. Two biomass-based CHP plants located in Mississippi, one with the lowest capacity (1 MW) and one with the highest capacity (5 MW), were selected for this study. The capacity of these CHP plants in Scott County and Washington County is 1 MW and 5 MW, respectively (Figure 1 ). 
Available Biomass
Ten years of corn production data (2001-2010) in each county in Mississippi were collected and analyzed to determine the potential of this feedstock for sustainable CHP energy production. Corn production values were obtained by averaging the county production of corn in terms of total bushels produced for the years 2001-2010 [5] . Corn production was summed across all Mississippi counties and converted from bushels to tons [11] . Dry weight of corn grain is 720.8 kg per cubic meter (56 pounds per bushel) [12] . For this study, one ton of corn stover was produced for every ton of harvested corn grain, based on values reported by [12, 13] . The amount of corn stover that can be collected in a sustainable way depends on different factors such as type and sequence of collection operations, the efficiency of the collection equipment, environmental restrictions, such as the need to control erosion, maintain soil productivity and soil carbon levels. Wyman and Hinman stated that 58% of the corn stover could be collected on a sustainable basis [14] . Scechinger and Hettenhaus [15] suggested lower rates ranging from 40% to 50%, while Brechbill [16] noted that a 53.5% utilization rate was sustainable. A conservative value of 33% collection rate of stover was used in this study, similar to the value used by Perlack [12] . The moisture content of corn stover was assumed to be 47% [17] . The available corn for energy production was calculated using Equation (1): Corn stover (dry tons) = Corn production (in wet tons) × 0.33 × 0.53
County level dry logging residue data from 1995, 1999, and 2002 were obtained from the Department of Forestry, Mississippi State University. The data were part of an inventory conducted by Periz-Verdin [4] who drew from two main sources, namely, the Mississippi Institute for Forestry Inventory (MIFI) satellite imagery-based data, and Forestry Inventory Analysis (FIA) Timber Products Output database (TPO) forest inventory data. The quantity of logging residues was based on the FIA-TPO forest inventory data as reported by the Southern Research Station. Periz-Verdin [4] converted the average volume of logging residues into dry tons using density values for pine and hardwoods of 0.507 and 0.61 dry t m −3 , respectively, for each county. The density values were obtained from a previous study by Gan and Smith [18] . According to Perlack [19] , not all logging residues are available for bioenergy conversion. Based on this study, it was assumed 65% of logging residues are removed during the harvest of conventional products. The removal or collection of the logging residue impacts the soil nutrients and rate of soil erosion [20] . An optimal amount of biomass that varies between 0.8 and 2.2 t per ha per rotation period, depending on the region and local conditions, should be left on the soil to compensate for the extraction of essential nutrients (e.g., calcium, magnesium, potassium, and phosphorus) [21] . Periz-Verdin [4] found that the resulting biomass left on site was greater than the amount recommended by Borjesson [21] . After 65% of logging residues were recovered from timber harvesting, the percentage of biomass (35%) left in the field serves as soil nutrient.
Biomass Conversion
Different percentages of available corn stover and forest logging residue for CHP use were evaluated. Several corn stover (CS) and forest logging residue (FLR) utilization rates ranging from 2% to 33% were considered in this study (Figures 2 and 3 ). The maximum rates for available corn stover and forest logging residue were 33% and 30%, respectively. High Energy Heating Values (HHV) for corn stover and logging residue were set at 17.58 MJ/kg (7560 BTU/lb) and 19.93 MJ/kg (8570 BTU/lb), respectively [2,22]. The energy produced using corn stover and forest logging residue was calculated for each county. Viana [23] found that a typical CHP plant operated for a total of 8000 h a year or 333 days a year. For this study, the CHP plants in Scott and Washington counties were assumed to be in operation 24 h a day, 340 days a year and 8160 h per year. These values were slightly higher than the operational hours reported by Viana [23] . The total CHP energy efficiency was assumed at 70% [2]. One dry ton per day of logging residue can produce 0.15 MW of CHP energy, while one ton per day of corn stover can produce 0.13 MW.
Results and Discussion
The top five Mississippi counties in terms of available forest logging residue are listed in Table 1 . Each of the five counties is covered by forest area that is 80% to 86% of the county area. Thus, these five counties are predominately covered by forest and the high percentage of forest land is reflected in the logging residue available in these counties (Figure 4) . The top five counties can each produce at least 8.3 MW of CHP power from utilizing 30% of available forest logging residues ( Table 1 ). The available logging residue tons ranged from 188 to 222 t per day. There are 20 counties in Mississippi that can each produce 8 MW or higher CHP power based on combined utilization of corn stover and forest logging residue (Table 2 ). The distribution of these counties is shown in Figure 5 . Yazoo County had the highest amount of available feedstock for CHP production, and its potential CHP capacity was estimated at 19.6 MW. The potential county-level CHP capacities, based on combined utilization of corn stover and forest logging residue, range from 1.8 MW to 19.6 MW (Figure 6 ). Notes: Corn stover (CS) utilization rate was assumed to be 33% and forest logging residue (FLR) utilization level was assumed to be 30%; + Counties which are located in the delta region; # Counties which are produce CHP power more than 8 MW, utilizing only forest logging residue.
The CHP facility in Washington County has an existing capacity of 5 MW. In this study, we found that the CHP plant in Washington County can be operated with just a 13% corn stover utilization level ( Table 3 ). The 1 MW capacity CHP plant in Scott County can be operated with a 7% forest logging residue utilization level within the county, but would require using corn stover at 7% utilization level from four adjacent counties (Table 3) . In Washington County, it was possible to increase the capacity of the CHP plant from 5 MW to 13.5 MW by using a sustainable CS utilization level of 33% (Table 4) . Similarly in Scott County, a 30% FLR utilization level could potentially increase the capacity of the CHP plant from 1 MW to 4.7 MW ( Table 4 ). The capacities of CHP plants in Scott and Washington counties could increase to 5.2 MW and 14.9 MW, respectively, by combining both types of feedstock. 
Conclusions
The potential increase in CHP capacity was assessed based on a sustainable utilization rate of available corn stover and forest logging residue in Mississippi. The results show that the available corn stover is 2.0 MT/year, and forest logging residues is 2.8 MT/year. The total amount of available biomass feedstock is 4.8 MT/year, which represents a significant amount of renewable resource that can be utilized for CHP production in Mississippi. In this study, a sustainable corn stover utilization rate of 33% can produce up to 126.9 MW and sustainable forest logging residue utilization rate of 30% can produce 332.7 MW of power using CHP. The Mississippi Delta region is the main source for corn stover, while the southwest region of Mississippi has more forested areas, which can be tapped for energy production.
